The momentum distribution of electrons from semi-leptonic decays of charm and bottom for midrapidity |y| < 0.35 in p+p collisions at √ s = 200 GeV is measured by the PHENIX experiment at the Relativistic Heavy Ion Collider (RHIC) over the transverse momentum range 2 < pT < 7 GeV/c. The ratio of the yield of electrons from bottom to that from charm is presented. The ratio is determined using partial D/D → e ± K ∓ X (K unidentified) reconstruction. It is found that the yield of electrons from bottom becomes significant above 4 GeV/c in pT. A fixed-order-plus-nextto-leading-log (FONLL) perturbative quantum chromodynamics (pQCD) calculation agrees with the data within the theoretical and experimental uncertainties. The extracted total bottom production cross section at this energy is σ bb = 3. Measurements of heavy flavor production (charm and bottom) in p+p collisions present stringent tests for pQCD calculations. For instance, while bottom production at the Tevatron is well described by next-to-leading order (NLO) pQCD [1] , the cross section for charm production at high p T , though compatible within the theoretical uncertainties, is higher than the preferred theoretical value by ∼50% [2] . Measurement of heavy flavor in p+p collisions also provides an important baseline for study of the medium created in relativistic heavyion collisions. The PHENIX experiment at RHIC has measured single electrons from the semi-leptonic decay of heavy flavor at mid-rapidity in p+p and Au+Au collisions at √ s N N = 200 GeV [3, 4] . Strong suppression of the single electron yield at high p T , which includes contributions from both charm and bottom decays, was observed in central Au+Au collisions [4] . This effect is conventionally attributed to energy loss by the parent parton in the medium [5] ; one also expects the energy loss suffered by bottom quarks to be significantly less than that suffered by charm quarks due to the difference in their masses [6, 7] . Clearly, for both pQCD comparisons and the heavy-ion reference, one wants to disentangle the yields of charm and bottom at RHIC energies.
In this Letter, we present the the yield ratio of single electrons from bottom to those from heavy flavor at midrapidity in p+p collisions at √ s = 200 GeV, using partial
The data were collected with the PHENIX detector [8] in the 2005 and 2006 RHIC runs using its two central arm spectrometers. Each spectrometer covers |η| < 0.35 in pseudorapidity and ∆φ = π/2 in azimuth. The arms include drift chambers (DC) and pad chambers (PC1,2,3) for charged particle tracking, a ring imagingČerenkov detector (RICH) and an electromagnetic calorimeter (EMCal) for electron identification and triggering. Beambeam counters (BBCs), covering pseudorapidity 3.1 < |η| < 3.9, measure the position of the collision vertex along the beam (z vtx ) and provide the interaction trigger. In the 2005 run, helium bags were placed in the space between the beam pipe and DC to reduce photon conversions. The bags were removed in 2006.
Two data sets are used for the analysis: (1) a minimum bias (MB) data set recorded with the BBC trigger, and (2) an electron enriched sample, recorded with a level-1 'ERT' trigger requiring a combination of EMCal and RICH information in coincidence with the BBC trigger. The BBC trigger cross section is 23.0 ± 2.2 mb [9] . Since only ∼ 53% of inelastic p+p collisions satisfy the BBC trigger condition, only a fraction of the inclusive electron production events are triggered. This fraction, which is p T and process independent, is determined to be 0.79 ± 0.02. After selection of good runs and a vertex cut of |z vtx | < 25 cm, an integrated luminosity ( Ldt) in the ERT data of 1.77 pb in the 2006 run are used for this analysis. Charged particle tracks are reconstructed using the DC and PC1. The momentum resolution is ∼ 1% at p T ∼ 1 GeV/c, and the momentum scale is calibrated within 1%. Electron identification (eID) is performed using the RICH and EMCal. The purity of the electron sample is better than 99% for 1 < p T < 5 GeV/c [3] . Our previous measurement [3] determined the spectrum of the single electrons from heavy flavor in the 2005 run. Inclusive electron spectra from the 2005 run and the 2006 run are consistent within 5% after taking into account a contribution from the increased photon conversion due to the absence of the helium bags.
The spectrum of the single electrons from heavy flavor is determined using the "cocktail method" [3, 4] . The electron spectrum from all known sources except semi-leptonic decay of heavy flavor is calculated using a Monte Carlo simulation and subtracted from the inclusive spectrum in the cocktail method. The dominant source of background is the π 0 Dalitz decay. The cocktail also includes contributions from quarkonium (J/ψ, Υ) and the Drell-Yan process, which were neglected in our previous measurements [3, 4] . These contributions are negligible (smaller than 1% in background) for p T < 1 GeV/c but, become significant at high p T (above 10% for p T > 2.5 GeV/c) [10] . The signal to background ratio increases with increasing p T , approaching unity for
The systematic uncertainties of the inclusive electron spectrum includes the uncertainty in luminosity (9.6%), geometrical acceptance (3%), eID efficiency (2%), and the ERT trigger efficiency (4% at p T > 2 GeV/c). The uncertainty in the cocktail method is p T dependent (3% at p T ∼ 2 GeV/c, increasing to 9% at 9 GeV/c).
The ratio of (b → e) to (c → e + b → e) is extracted from the correlation between the heavy flavor electrons and associated hadrons [11] . The extraction is based on partial reconstruction of the D/D → e ± K ∓ X decay. The invariant mass of unlike charge-sign electronhadron pairs reveals a correlated signal below the D meson mass of ∼1.9 GeV/c 2 , because of the charge correlation in the D decays. Pairs are formed between a trigger electron (2.0 < p T < 7.0 GeV/c) and an oppositely charged hadron (0.4 < p T < 5.0 GeV/c). The acceptances of positive and negative charged particles are forced to be identical by a geometrical acceptance cut. Since the momentum range of good charged kaon identification is limited, K identification is not performed but the mass of all reconstructed hadrons is set to be that of the K. Most e + e − pairs are then removed by an electron veto cut for the hadrons. The reconstructed mass of e + e − pairs has a clear peak at low mass. The remaining background e + e − pairs are removed by requiring M ee > 80 MeV/c 2 , where the pair mass is calculated assuming both particles in the pair are electrons.
Depending on the origin of the trigger electrons, the inclusive reconstructed electron-hadron pairs are: (1) unlike-sign pairs from charm, (2) unlike-sign pairs from bottom, (3) combinatorial background where the electron is a background electron and (4) background from unlikesign hadron-hadron pairs due to hadron contamination in the electrons. The main background source is the combinatorial background (3) and almost all background electrons are from e + e − pair creation. Like-sign electronhadron pairs are used to subtract this background. Since electrons from e + e − pair creation and hadrons do not contribute to charge correlated signals, subtraction using like-sign pairs cancels out completely the combinatorial background where the trigger electron is from e + e − pair creation (3) . Only the negligibly small (<1%) contribution from K 0 e3 decay is not canceled out by the subtraction in the background (3). The contribution from hadron contamination (4) is also less than a 1% effect due to the excellent electron identification. After the subtraction, the reconstructed pairs include a contribution from bottom (2) due to not identifying K. The contribution from bottom (2) is much smaller than that from charm (1) due to the bottom decay modes and kinematics. The reconstructed pairs also contain a signal from partial reconstruction of heavy flavor hadrons and a contribution from a combination of heavy flavor electrons and hadrons from jet fragmentation. The ratio of the yield of unlike-sign pairs to that of like-sign pairs is about 1.1 for invariant masses (M eK ) below 1.9 GeV/c 2 . The fraction of bottom contribution to the electrons from heavy flavor is obtained as follows:
where ǫ data is the tagging efficiency in real data and ǫ c(b) is the tagging efficiency for charm (bottom) production. These are defined as
where N e(HF ) is the number of measured heavy flavor electrons. N pair is the number of background subtracted unlike-sign electron-hadron pairs for invariant mass within 0.4 < M eK < 1.9 GeV/c 2 , which corresponds to the mass range of charmed hadrons. Here, N c(b)→tag is the number of reconstructed signals within 0.4 < M eK < 1.9 GeV/c 2 for charm (bottom) production. Figure 1 shows the M eK distribution of the reconstructed signals, which is normalized by the yield of heavy flavor electrons (N e(HF ) ) in the range 3 < p T < 4 GeV/c (panel a) and 4 < p T < 5 GeV/c (panel b). The tagging efficiency in real data, ǫ data , is determined by the integration of the M eK distribution in Fig. 1 from M eK = 0.4 to 1.9 GeV/c 2 as a function of electron p T . The tagging efficiencies for charm and bottom production, ǫ c and ǫ b , are calculated with the combination of pythia and evtgen [12, 13] . pythia is used to simulate charm and bottom production in p+p collisions at evtgen, which is a Monte-Carlo simulation suited for decays of D and B hadrons, is used to simulate the semileptonic decays. The dashed (dotted) lines in Fig. 1 show the M eK distributions of the reconstructed signal for the simulated charm (bottom) production for an electron 3 < p T < 4 GeV/c (panel a) and 4 < p T < 5 GeV/c (panel b). Some fluctuations in the simulated curves in Fig. 1 come from the limited statistics in the simulation, but the statistical uncertainties in the simulation are negligible compared to that of the data. ǫ c(b) is determined in the same way as ǫ data from the M eK distribution for charm (bottom) production. Since about 85% of the extracted signal comes from partcial reconstruction of heavy flavor hadrons, the tagging efficiency is determined largely by decay kinematics and ǫ c(b) can be determined with good precision. The dot-dash lines in Fig. 1 show the contribution from the combination of an electron from charm and hadrons from jet fragmentation for charm production. The solid line in Fig. 1 shows the sum of the M eK distributions for charm and bottom in the simulation with the ratio, (b → e)/(c → e + b → e), obtained with Eq. 1.
Systematic uncertainties are categorized into two parts related to (1) ǫ data in the real data analysis and (2) ǫ c and ǫ b in the simulation study. The dominant uncertainty in ǫ data is the uncertainty in the number of heavy flavor electrons (∼10%). Uncertainty in ǫ data also includes a background subtraction uncertainty (1-10%, p T dependent). Category (2) includes the uncertainties in geometrical acceptance (3%) and the event generator (∼ 8% for charm and ∼ 9% for bottom). The event generator uncertainty is based on uncertainties, which are known in the production ratios of heavy flavor hadrons (D
, known in the branching ratios [14, 15, 16, 17] , estimated in the momentum distribution of heavy flavor hadrons and estimated in the pythia parameters. Figure 2 shows the resulting bottom fraction, (b → e)/(c → e + b → e) as a function of electron p T compared to a fixed-order-plus-next-to-leading-log perturbative QCD calculation (FONLL) [18] . In this figure, the points show the measured (b → e)/(c → e + b → e). For the bins with electron p T ranges 2 < p T < 3 and 5 < p T < 7 GeV/c, 90% C.L. and mean values are shown. The solid line shows the central value of the FONLL prediction and the dotted lines show its uncertainty.
In Fig. 3 , the single electron spectra for charm and bottom are measured from the ratio, (b → e)/(c → e + b → e), and the spectrum of the electrons from heavy flavor decays. The top panel shows the resulting single electron spectra from charm (triangles) and bottom (squares) compared to the FONLL predictions [18] . The measured spectrum of single electrons (circles) is also shown for reference. The middle (bottom) panel shows the ratio of the measured cross sections to the FONLL calculation for charm (bottom) production. The shaded area shows the uncertainty in the FONLL prediction. The larger mass makes this uncertainty smaller in the case of bottom quarks. These calculations agree with the data for bottom production. The same is true for charm within the theoretical uncertainty with a ratio of data/FONLL of ∼2. A similar tendency was obtained at the Tevatron [1, 2] .
The electron spectrum from bottom shown in Fig. 3 is integrated from p T = 3 to 5 GeV/c and gives 4.8
+1.9 −1.8 (sys)nb. This spectrum is then extrapolated to p T = 0 using the shape predicted by pQCD. pythia with varying intrinsic k T (1.5 < k T < 10 GeV/c) and FONLL with varying factorization (µ F ) and renormalization (µ R ) scales (0.5 < µ F,R / m 2 + p 2 T < 2) are used to evaluate the systematic uncertainty (12%) to this extrapolation. The extrapolation results in a bottom cross section at mid-rapidity of dσ bb /dy | y=0 = −0.36 (sys)µb, using a b → e total branching ratio of 10 ± 1%, calculated using the heavy flavor hadron ratios described above. Using hvqmnr [19] with cteq5m [20] parton distribution functions (PDF's) to integrate over rapidity, the total bottom cross section is determined to be σ bb = 3.2 +1.2 −1.1 (stat) +1.4 −1.3 (sys)µb. Various PDF's and bottom mass values are used to evaluate the systematic uncertainty (8%) of the rapidity extrapolation. This result is consistent with our result from the dielectron spectrum, which gave σ bb = 3.9 ± 2.5(stat) +3 −2 (sys)µb [21] . FONLL predicts σ bb = 1.87 +0.99 −0.67 µb, in agreement with both these experimental results.
The fraction of bottom in heavy flavor electrons is found to be larger than 0.33 with 90% confidence level at p T > 5 GeV/c. Furthermore, the assumption of no bottom suppression directly leads to a lower limit on the nuclear modification factor of single electrons, R AA , of greater than 0.33 with the same confidence level. However, according to our measurements, R AA is ∼ 0.25 ± 0.05(stat) ± 0.05(sys) at 5 < p T < 6 GeV/c [4] in the 0-10% central Au+Au collisions. At the same time the current level of uncertainty in the measurement precludes us from placing significant limits on the possible energy loss of bottom quarks.
In conclusion, the ratio of the yield of electrons from bottom to that from charm has been measured in p+p collisions at √ s =200 GeV. The ratio provides the first measurement of the spectrum of electrons from bottom at RHIC. FONLL calculations [18] agree with this result, which provides an important baseline for the study of heavy quark production in the hot and dense matter created in Au+Au collisions.
